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n 2011, the worst algal bloom in the history of North America's Lake Erie developed in the western basin of the lake (Stumpf et al. 2012) , the result of a combination of agricultural fertilizer runoff, heavy spring rains, and stable summer conditions that favored heavy algal growth (Michalak et al. 2013) . Analysis of the dynamics and projections of climate change, including a prediction of increased storm intensity, led Michalak et al. (2013) to call the 2011 Lake Erie bloom "a harbinger of future blooms". They were right. In the summer of 2014, another massive bloom developed in western Lake Erie, and drinking water drawn from the lake was found to contain unsafe levels of a cyanobacterial toxin. Consequently, the water supply for the city of Toledo, Ohio (population 284 000), was shut down and citizens were soon waiting in long lines for bottled water. In this case, ecologists provided advance warning; in the future, it will be possible to provide even more detailed predictions of the timing, intensity, and even toxicity of algal blooms in Lake Erie because the causes and conditions leading to such blooms are better understood (Obenour et al. 2014) .
Climate warming and other human-driven forces mean that, in contrast to the Lake Erie algal blooms, some abrupt ecosystem changes -as well as losses of ecosystem services -may arise without apparent warning. Even in hindsight, the causes of such rapid changes will be hard to discern because of multiple interacting forces. Thus, in the future, abrupt changes are likely to occur both with and without warning. This raises two questions. First, can research improve forecasts and the detection of warning signs? Second, can research help foster ecosystem resilience to limit the risk of crossing irreversible thresholds? Maintaining ecosystem services in the future will require a substantial amount of research on both these questions. Improved forecasts and warnings can help in the management of ecosystems and help to sustain ecosystem services by avoiding unwanted changes and by warning of undesirable conditions. Promoting resilience, especially in cases where there is no forewarning of change, can help avoid thresholds or mitigate abrupt change when thresholds are crossed.
This paper addresses approaches to anticipating and managing adverse ecosystem changes, specifically those resulting from threats such as climate warming, intensification of agriculture, fisheries exploitation, and the introduction of invasive species. Extreme climate events associated with these drivers are of special interest because they may push ecosystems into new states and impede recovery to desirable states. We consider warnings provided by model forecasts and by statistical anomalies indicating loss of resilience as thresholds are approached. We also discuss changes that may occur without warning, In a nutshell:
INNOVATIONS IN THE FACE OF CLIMATE CHANGE
• Some ecosystem changes occur without warning; to avoid crossing undesirable thresholds, we need to improve our ability to predict such transitions, to understand the likelihood of their occurrence, and to foster resilience • Loss of resilience can be assessed using models and statistics, as long as the necessary long-term monitoring is maintained • Strategies to foster resilience are currently being applied to ecosystems and can have positive ecological and economic outcomes; the Great Barrier Reef (GBR) in Australia provides one such example • However, regional and global forces are threatening the stability and provision of ecosystem services in ecosystems like the GBR especially when driven by extremes (eg severe weather events). Enhancing ecosystem resilience can limit ecosystem change and loss of services and this can be achieved through management, governance, and integration of natural and human infrastructure. We analyze these issues with examples drawn primarily from aquatic ecosystems, but the concepts and lessons are broadly applicable and represent a critical research topic for the future.
n Extremes and consequences
Climate change is influencing the frequency of extreme weather events. Over a recent 31-year period in the US , there were 134 weather events in the form of floods, droughts, cyclones, and blizzards that caused more than $1 billion in damage (NRC 2014) . Extreme events like these may be predictable in the sense of frequency of occurrence (eg Graham et al. 2013) but, depending on the location, severe conditions can be difficult to forecast accurately in terms of when and where these extremes occur (Ghil et al. 2011) . Climate extremes may cause marked shifts in ecosystems and alter ecosystem services such as carbon (C) storage. For example, a 1999 windstorm that heavily damaged forests reduced the total annual net production of organic matter (ie net biome production) in Europe by 30%, and droughts in the Amazon Basin in 2005 and 2010 resulted in estimated losses of 1.6 petagrams and 2.5 petagrams of C, respectively (Reichstein et al. 2013) . While forests generally recover from damaging weather, the periodic effects of extreme events can diminish C sequestration. If C sequestration is a goal of managing forests, the impacts of extreme events that kill trees should be considered, as well as risks that may be increased (eg fire and pest outbreaks).
Extreme events associated with increased precipitation intensity are also becoming more frequent. For instance, while total rainfall increased by 7% in the US during the 20th century, the top percentile of heaviest rainfalls increased by 20% (ie there were more extremely heavy rain events; Bull et al. 2007) . These types of extremes in precipitation can dramatically alter the loading of nutrients and sediments to aquatic ecosystems. Wisconsin's Lake Mendota is a well-studied example; over 8000 daily observations of the lake were used to fit a three-part statistical distribution of phosphorus (P) loading . The distribution represented days of low, medium, and high loads. High loads were delivered on an average of 29 days, collectively accounting for 74% of the annual input. Most days delivered intermediate P inputs (accounting for 21% of the annual load), and some delivered low amounts of P (5% of the annual load). Highload days were associated with the effects of spring precipitation on soils enriched with P, where runoff and P transport rates were high .
As with the US as a whole, high-intensity rain events have increased in frequency in the Lake Mendota watershed over time (Kucharik et al. 2010) . What does this suggest for the future? Simulations of P loading based on the three-part statistical distribution reveal a positive relationship between the number of high-load days per year and annual P loads . The trend is linear (Figure 1 ) but steeper for the higher percentiles (eg for the 90% percentiles, represented as red circles in Figure 1 ). The more frequent occurrence of extreme precipitation events projected for the future (Vavrus and Van Dorn 2010) will lead to greater numbers of high P loading days. This scenario will limit -and perhaps even reverse -ongoing efforts to reduce P loading and improve water quality in Lake Mendota and similar waterbodies elsewhere. One possible response to this likely future is to initiate changes in watershed management that reduce the amount of P available for runoff.
n Model-based warnings: ecological forecasting While predictions are always uncertain, models can provide forecasts and scenarios that guide actions and provide warnings regarding different risks. Several types of models are used for this purpose (eg statistical, process, and simulation models) and the relative merits of each are assessed by Cuddington et al. (2013) . Here, we focus on short-term (days to months) ecological forecasts based on statistical and process models, and long-term (decades to centuries) projections based on process and simulation models. Short-term forecasts (akin to weather reports) provide warnings about the status of ecosystem services (eg phytoplankton blooms in Lake Erie that affect drinking water), while long-term projections are more useful for identifying threats to services and risks of major changes to ecosystems. A good example of short-term forecasting comes from a modeling system used for the Chesapeake Bay estuary, located in the mid-Atlantic region of the US. The foundation for forecasting in this instance is a physical-chemical model based on the Regional Ocean Modeling System (ROMS). The ROMS model for the Chesapeake Bay simulates hydrodynamics, temperature, and biogeochemical conditions (eg dissolved oxygen concentrations). Ecological forecasts are based on the physical and chemical characterizations of the bay and use empirical relationships that define habitat suitability for target organisms produced by ROMS. Both "now-casts" (ie current conditions) and "three-day-ahead" forecasts predict the presence and relative abundance of harmful algal taxa, pathogenic bacteria, and other nuisance organisms. These forecasts are updated daily and posted on public websites (Brown et al. 2013) .
Forecasting is possible because the abundances of organisms of interest in Chesapeake Bay are related to salinity, temperature, and other environmental conditions and all these variables are used to develop empirically based habitat-suitability models. For example, Atlantic sea nettles (Chrysaora quinquecirrha, a jellyfish that delivers a nasty sting) are abundant when water temperatures are warm (26-30˚C) and salinity is in the range of 10-16 practical salinity units. Data on temperature, salinity, and abundance of sea nettles were used to develop a logistic regression that indicates probability of occurrence of this species.
These forecasts are useful for both bay users and managers. If, for instance, you were planning to swim in the Chesapeake Bay on August 17, 2007, you would have wanted to avoid mid-bay locations, including portions of the Potomac River, where the odds of encountering sea nettles were high (Figure 2a ). On the other hand, the probability of getting an infection in a wound or becoming sick from eating raw shellfish due to the pathogenic bacterium Vibrio vulnificus was low throughout the bay on April 20, 2011 (Figure 2b) . Forecasts of the relative abundance of harmful algal bloom taxa (Figure 2c ) are helpful to managers who must consider when to close beaches and shellfish beds. These forecasts have been shown to predict occurrence reasonably, but comparison with actual data also highlights areas where improvements are needed (Brown et al. 2013) .
Warnings provided for the Chesapeake Bay suggest great potential for ecological forecasting, but these forecasts are also limited to situations where the system is operating within current bounds. What about projections of longer-term, novel ecosystem conditions that could arise due to environmental drivers such as climate change? For these longer-term situations, models can provide a series of scenarios. For example, the ranges of coldwater fish species are likely to change in the future due to climate warming. Trout inhabiting the rivers of the Southern Appalachian Mountains, for instance, are restricted to higher elevation streams with suitable water temperatures. Climate warming will reduce the extent of this habitat, and models that project these changes suggest that trout habitat loss will vary from 4% for a 0.5˚C rise in mean temperature to 52% for a 2.5˚C rise (Flebbe et al. 2006) . With even higher temperature increases (warming of ~4.5˚C), almost all (>90%) suitable habitat will be lost and trout are likely to be eliminated from the region. Furthermore, these habitat suitability models do not account for ecological effects and other changes (eg altered hydrodynamics) that could potentially accelerate the loss of suitable habitat. Thus, models that use these types of warming scenarios do not provide reliable forecasts because many factors not included in the models will affect how trout respond to warming; nonetheless, the models serve to highlight the risks and qualitative patterns of habitat loss that would accompany a warming climate. Evaluating risks is important in managing ecosystems, especially in relation to future uncertainties associated with large-scale environmental drivers such as climate change (Seidl 2014) .
n Regime shifts and warnings from statistical anomalies One form of abrupt change is a "regime shift", in which changes in feedbacks on the controls of ecosystems result in critical transitions that lead to different states. Regime shifts are well described conceptually and mathematically (eg Scheffer et al. 2001; Scheffer 2009) , and in many cases ecosystems either have undergone such changes or exhibit alternate state behavior consistent with regimeshift models (Carpenter 2001; Scheffer 2009 ; for database of examples of regime shifts see www.regimeshifts.org). Examples of observed regime shifts include transitions from grassland to shrubland that may occur through a variety of mechanisms including fire, grazing, drought, past land use, and other factors (Peters et al. 2015) . At an even larger scale, sharply defined continental distributions of tropical forests, savannas, and treeless land suggest that each type of vegetation cover represents an alternate state, an observation that is consistent with regime-shift theory (Hirota et al. 2011) . Prior to regime shifts, ecosystems respond more slowly after disturbance as thresholds are approached. Responses to successive disturbances are compounded, leading to greater variance in ecosystem states over time. Slow recovery and increasing variance are characteristic of ecosystem states that are becoming less resilient as they approach thresholds of critical change (Scheffer et al. 2012) . These changes can be observed as statistical anomalies in time and/or space for ecosystem variables . A variety of statistical indicators have been evaluated to provide early warnings of pending regime shifts, as detailed by Dakos et al. (2012) and Kéfi et al. (2014) .
The dynamics of statistical indicators in experimental systems approaching and then undergoing a regime shift are consistent with the concept of early warning, as for example in a food-web model (Carpenter et al. 2008) , and in laboratory populations of algae (Veraart et al. 2012) , water fleas (Drake and Griffin 2010), and yeast (Dai et al. 2012) . We tested this idea in a whole-lake experiment involving the introduction of an apex predator, largemouth bass (Micropterus salmoides; Carpenter et al. 2011) . The manipulated lake was compared to a bass-dominated reference lake. Additions of fish to the manipulated lake triggered a trophic cascade that reorganized the food web. By the final year, bass were plentiful in the manipulated lake, and the system had fully transitioned to a new state similar to that of the reference lake, to which no bass had been added. This manipulation led to changes in the relative abundance of species of plankton and small fish that were consistent with a regime shift (Carpenter et al. 2011; Seekell et al. 2012; Pace et al. 2013) . High-frequency measurements were used to analyze whether statistical anomalies occurred during the period of food-web transition (Batt et al. 2013 ). In the manipulated lake, there was a loss of resilience, as represented diagrammatically in Figure 3 , and state variables such as small fish abundance and chlorophyll concentrations eventually converged toward conditions resembling those in the reference lake (Figure 3) . During the transition, leading indicator statistics (eg moving-window measurements of variance and autocorrelation) spiked, as shown in Figure 3c . These sharp increases in leading statistical indicators occurred more than a year before the full transition to the alternate state (Figure 3) . The results of this study were consistent with both theory and prior experiments and, importantly, demonstrated that early warning signals are detectable even amidst the messy variability of complex ecosystems.
Because thresholds for abrupt change are usually unknown, early warnings provide impetus for managers to initiate actions. Ideally, those actions would modify ecosystems so that they move away from threshold levels, maintaining them in a safe operating range (Scheffer et al. 2015) . Alternatively, actions might help to mitigate the consequences of regime shifts. One issue concerns what variables within an ecosystem should be monitored to provide early warnings, as there is no theoretical basis for deciding on appropriate indicator variables; for now, an investigator's or manager's understanding of a specific system is probably the most reliable guide. Further work is needed to understand the propensity of ecosystems to exhibit warnings near thresholds of change, to determine surveillance methods needed to measure warnings, and to ascertain whether and when warnings come early enough to avoid undesirable changes. The potential for early warning signals also reinforces the value of monitoring. 
and American eel (Anguilla rostrata).
Commercial fishing is currently not permitted for several species because of their small population sizes (shad, herring, sturgeon, eel) or because of contamination (striped bass). Bringing these species back to abundances that would support commercial harvest requires protection from overfishing outside the Hudson estuary, improvements of both within-river and oceanic habitats, removal of obstructions to migrations (eg barriers in Hudson tributaries for herring and eels), and reductions of persistent contaminants. In addition, sea level is rising and the Hudson River is warming, which will have unknown consequences for fisheries (Seekell and Pace 2011; Strayer et al. 2014) . Long-term prospects for achieving the commercial fishing goal outlined in the management plan are uncertain because, despite management efforts, the populations of many commercial fish species are at historical lows. Nonetheless, the Hudson River Estuary Action Agenda provides clear direction, laudable goals, and specific actions needed to protect and restore fish populations that are considered to be both culturally important resources and positive indicators of river ecosystem conditions.
Once goals are determined, ecosystem management can begin. Here, we are specifically concerned with deliberate management actions that reduce risk and promote resilience in order to sustain, restore, or buffer ecosystems and their services. What can researchers learn and what actions can managers implement to help ecosystems withstand forces that shift them away from desirable conditions?
Managing ecosystems in the face of future uncertainties requires increasing resilience of key variables to drivers of change. Consider a simple linear response to a driver, where an ecosystem state or service degrades as a driver increases. To limit degradation, the driver must be reduced and/or the slope of the response must be flattened (Figure 4a ). For changes where there are thresholds, actions can move the system/service away from the threshold or alter the relationship of the threshold relative to the driver (Figure 4b ). For a regime shift -where the system or service abruptly moves to an undesirable state -actions can also move the system away from a threshold or change the point where the system collapses in response to increases in the driver (Figure 4c ). In some cases, it may be possible to change the shape of the curve in Figure 4c such that the system is not subject to a regime shift and transitions are more similar to those shown in Figure 4 , a and b. Such a change could build resilience by eliminating an adverse ecosystem state.
n Enhancing resilience Biggs et al. (2012) described seven principles for maintaining or enhancing resilience. Three of these principles are related to properties of social-ecological systems, whereas the other four relate to governance of social-ecological systems. Management actions that can build or preserve resilience of ecosystems are ones that maintain diversity, manage connectivity, and monitor slow variables. Diversity of species and types of ecosystems provide a greater set of potential responses to disturbances or directional environmental changes (eg warming) and may thereby ameliorate unwanted changes. For example, combinations of species that vary in their resilience to temperature fluctuations stabilize total biomass in a changing climate (Ives et al. 1999) . Connectivity promotes recovery from disturbance by facilitating colonization from refuges, but too much connectivity can promote the spread of pests and pathogens (Vander Zanden and Olden 2008) ; thus, optimum connectivity for resilience may be at an intermediate level. Slowly changing regulating variables affect the response of ecosystems to changing drivers and disturbance. In freshwater ecosystems, nutrients accumulated in sediments over decades may stabilize eutrophication, despite strong nutrientloading reductions by lake managers (Søndergaard et al. 2007) . For terrestrial systems, the Amazonian tropical forest provides an example of a situation where changing drought intensity and frequency may increase vulnerability, leading to a rapid shift from forest to savanna conditions (Hirota et al. 2011) . One slowly changing variable that could trigger such a shift would be a decline in deep soil moisture, a resource that tree roots tap into during the dry season to maintain high rates of evapotranspiration, thereby promoting the water recycling needed to sustain the forest (Nepstad et al. 1994; Harper et al. 2010) . Thus, gradual changes in such variables as sediment nutrients and deep soil moisture can either stabilize a current state or shift an ecosystem to a critical point where abrupt transitions occur (Rinaldi and Scheffer 2000) . Resilience can be increased by modifying a managed system in such a way that it moves away from a threshold of unwanted regime shifts. Rangelands in Australia, for instance, exhibit a critical threshold of grass cover (Walker and Salt 2012): in moist rangelands, too little grass leads to shrub encroachment; in dry rangelands, too little grass leads to desertification. Experienced rangeland managers avoid the threshold of shifts from grasslands to shrubs or deserts by lowering cattle densities. However, crossing a second threshold -in this case a financial threshold of income-to-debt ratio -can force pastoralists to overstock (Ludwig et al. 2005) . How can unwanted changes, such as regime shifts, be avoided? Managers of Kruger National Park in South Africa developed the concept of "thresholds of potential concern" (TPCs) as a management tool to identify potentially important changes in the park (Biggs and Rogers 2003) . The key words are "potential concern", because it is not usually known whether reaching one of these thresholds will trigger unwanted change. Rather, managers identify boundaries for park conditions that they seek to operate within, and if a TPC is breached, management intervention is considered. TPCs in Kruger National Park are also updated periodically, as new ecological information becomes available, and so provide a basis for continued surveillance, making management actions more likely when changes occur. Management action is often most difficult when a crisis is acute, and thus TPCs also provide a mechanism to reduce management inertia.
n Resilience by design Assessing and increasing resilience is an important goal and research topic, and attempts to manage ecosystem resilience at large scales are now underway. Approaches may include altering and improving natural and human infrastructure, managing species harvests through the establishment of quotas and "no-take" zones, promoting policies that provide economic benefits while conserving species and ecosystems, and sustaining cultural practices in ways that also preserve ecological systems. These strategies, and many others, go beyond simply creating protected areas. We use as an example the management of the Great Barrier Reef (GBR) in Australia, where a network of marine reserves was created under a reef-wide zoning plan. The reef, which occupies an area of >300 000 km 2 , is managed, in part, by demarcating spatial units that differ in fishery regulations, including no-entry zones, no-take zones, limited-fishing zones, and fished zones. Fish abundance and biomass, as well as average fish size, have typically increased in areas where fishing is banned, and especially in no-entry areas (McCook et al. 2010) . Reef fishes, which characteristically have restricted home ranges, have increased in abundance more than wide-ranging species, such as sharks. Additionally, the GBR supports dugongs (Dugong dugon) and a variety of marine turtles of conservation concernall species that are wide-ranging, and thus cannot be protected by simple zoning of habitat. Nevertheless, the creation of reserves, in combination with other management activities (eg those that reduce bycatch), is improving conditions for these threatened species (McCook et al. 2010) . The costs of these changes in GBR management are well-documented and are modest in comparison to the direct economic-use benefits. Overall, the changes associated with marine zoning have induced some negative impacts on commercial fishing and their associated communities but are also associated with substantial growth in tourism revenues (McCook et al. 2010) . Importantly, the spatial management program has resulted in increased coral growth, reductions in outbreaks of coral-consuming crown-of-thorns starfish (Acanthaster planci), and additional protection of nonreef habitats (eg from damage caused by trawling). These changes, especially the increases in coral cover, sustain foundational ecosystem processes and enhance the resilience of the GBR (McCook et al. 2010) . Despite these successes, there is ongoing deterioration of the GBR as a result of dredging activity, development of fossil-fuel infrastructure, watershed runoff, fishing, and climate change (Hughes et al. 2015) . These mainly external drivers erode resilience, and there is concern that without action at regional and global scales the GBR will transition to an undesirable state (Hughes et al. 2015) .
n Synthesis and conclusions
Ecologists cannot prevent the effects of an anthropogenic global climate warming period that will likely occur over the next few centuries. However, over the next few decades, ecologists can assist in the development of management approaches that foster resilience and create warnings. While the examples we present here are drawn from specific ecosystems, the issues and concepts apply to the biosphere with similar needs for forecasts and early warnings at the global scale (Barnosky et al. 2012) . These advances will help sustain ecosystems and their services in the face of future uncertainty and change. In this context, the study of extremes -particularly those related to climate -is critical, because extreme conditions have the greatest potential for causing ecosystems to cross thresholds, resulting in the loss of key ecosystem services. Designing and implementing large-scale ecosystem management programs is one way to confront these problems and potentially provide positive ecological and economic outcomes.
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